Background: Previous studies suggest an increased inhibition of dorsal motor nucleus
suggest that vagal neurocircuits regulating gastric functions may be compromised.
Gastric motility is heavily influenced by the efferent output of DMV neurons. As preganglionic parasympathetic motoneurons, DMV neurons are cholinergic 13 but they control one of two efferent postganglionic pathways, either an excitatory cholinergic, or inhibitory non-adrenergic, non-cholinergic (NANC) pathway. 7, 8 A decrease in gastric motility can occur, therefore, by either inhibiting the tonically active excitatory cholinergic pathway or activating the inhibitory NANC pathway. While DMV neurons are pacemakers, firing action potentials spontaneously due to their intrinsic membrane properties, [14] [15] [16] [17] their activity, hence vagal efferent output, is continuously sculpted by the excitatory glutamatergic and inhibitory GABAergic synaptic inputs they receive, the majority of which arise from the adjacent nucleus tractus solitarius (NTS). [17] [18] [19] Previous studies from several groups have suggested the inhibitory GABAergic synaptic inputs to DMV neurons are the principal regulator of vagally dependent gastric functions;
thus the activity of the vagal efferent cholinergic pathway is normally dampened by tonic inhibitory synaptic inputs. 19, 20 Previous studies have demonstrated that exposure to a high fat diet (HFD), or diet-induced obesity, decreases vagal afferent sensitivity and attenuates the sensory limb of vago-vagal GI reflexes [21] [22] [23] [24] [25] and also decreases the excitability of vagal efferent motoneurons. 26 Little attention has been paid, however, to the developmental effects of
HFD exposure on vagal neurocircuits regulating GI functions, although
we have demonstrated previously that the influential tonic GABAergic input onto DMV neurons may be affected by PNHFD exposure. 27 The aim of this study was to (i) use electrophysiological techniques to investigate the effects of PNHFD on GABAergic inhibitory synaptic transmission to gastric-projecting DMV neurons, and (ii) use in vivo recordings of gastric motility and tone to assess the impact of these changes on gastric functions.
| MATERIALS AND METHODS
All experiments were conducted with the approval of the Penn State
College of Medicine Institutional Animal Care and Use Committee, and according to National Institute of Health regulations.
| Animals and tissue processing
Timed pregnant Sprague-Dawley dams (Charles River, Kingston, NY, USA) were housed under a standard 12-h light/dark cycle and had ad libitum access to water and either a control (14% kcal from fat) or high fat diet (HFD; 60% kcal from fat) from E13 onwards. Rats were weaned onto the same diet at P21 and used in experiments from P28-42.
| In vitro studies: retrograde tracing
At 14 d of age, rats of both sexes were anesthetized with a mixture of isoflurane with air (2.5%-3%; 400-600 ml/min) and gastric regions labeled with crystals of fluorescent neuronal tracer 1,1'dioctadecyl-3,3,3'3'-tetra-methyl-indo-carbocyanine perchlorate (DiI; Molecular Probes, Eugene, OR, USA) as described previously.
27,28
Briefly, once anesthetized deeply (absence of the foot pinch withdrawal reflex), an abdominal laparotomy was performed and the stomach exposed to allow application of DiI to either the greater curvature of the fundus, corpus or antrum. A fast hardening epoxy resin was applied to the site of dye application to ensure the DiI was affixed to the stomach and that it did not contact any other organ surface to avoid mislabeling.
The surgical area was washed with warm sterile saline solution, the laparotomy was closed and the animals recovered for a minimum of 14 d.
| Electrophysiology
Rats between 4-6 wk of age (N=34 control, N=41 PNHFD) were anesthetized with 3% isoflurane and, after abolition of the foot pinch withdrawal reflex, a bilateral pneumothorax was performed. The brainstem was removed and placed immediately in chilled, oxygenated Krebs' solution (see below for composition). A vibratome was used to make 4-6 coronal slices (300 μmol L -1 thick) spanning the entire rostro-caudal extent of the dorsal vagal complex (ie, NTS, DMV and area postrema). The slices were then incubated in oxygenated Krebs' solution at 30±1°C for at least 90 min prior to recording.
Electrophysiological recordings were made from a single slice held in place by a nylon mesh in a custom-made 500 μl perfusion chamber perfused with Krebs' solution and maintained at 32±1°C. DMV neurons were identified using a Nikon E600FN microscope equipped with DIC optics (Nomarski) and epifluorescent filters to allow identification of DiI-filled gastric-projecting neurons. Once identified, recordings were made from neurons under brightfield illumination.
Whole-cell patch clamp recordings were made using pipettes of 
Key Points
• Perinatal high fat diet exposure (PNHFD) increases the tonic inhibition of gastric-projecting DMV neurons, increasing DMV neuronal inhibition and vagal efferent inhibition of gastric tone and motility.
• The mechanisms responsible for this increased synaptic inhibition remain unknown but do not involve increased number of function of GABA receptors, GABA uptake, or neuroglial modulation of synaptic strength.
• Alterations in brainstem neurocircuit development result in dysregulation of vagal control of gastric motor functions. Dysregulated gastric motility and compliance may be at least partially responsible for the increased propensity of PNHFD-exposed offspring to develop obesity and related comorbidities in later life.
non-selective ionotropic glutamate antagonist, kynurenic acid (1 mM). . Drugs were applied via superfusion for a period of time sufficient for the response to plateau, or for a total of 3 min, if no response was apparent. Firing rates were expressed as percentage change relative to baseline rates.
| In vivo studies: surgical preparations and drug applications
Experiments were performed on male Sprague-Dawley rats between 6-7 wk of age (N=21 control; N=22 PNHFD). Rats were fasted overnight (water ad libitum) and anaesthetized deeply with an intraperitoneal injection of Inactin ® (120-150 mg.kg The rat was placed in a stereotaxic frame (Kopf Instruments, Tujunga, CA, USA) and the brainstem exposed; the meningeal membranes above the vagal trigone were dissected and the exposed brainstem was covered with prewarmed saline. see below for composition), and were microinjected in 60 nl volumes over 2 min. The drug-induced gastric effects were measured in 60 s increments around the peak effect of motility and tone, reported as absolute changes over baseline as described previously. 30 Briefly, gastric motility was calculated using the following formula:
where N, number of motility peaks in a given force range; and t, time period during which gastric motility was measured. Assuming that a 0 mV signal equates to no motility, the grouping of peakto-peak waves were reflective of N 1 =25-50 mg, N 2 =51-100 mg, N 3 =101-200 mg, and N 4 =>200 mg.
At the conclusion of the experiment, rats were euthanized and perfused transcardially with PBS followed by a solution of 4% paraformaldehyde in PBS. The brainstem was removed and postfixed overnight in 4% paraformaldehyde+20% sucrose. The brainstem was frozen, coronal sections (50 μmol L -1 thickness) were cut throughout the rostro-caudal extent of the DVC and alternate sections were mounted on gelatin-coated slides and the injection sites verified using a Nikon E400 microscope.
| Statistical analysis
For electrophysiological recordings, neurons served as their own control (baseline recordings assessed before and after drug application using a Students t test). For in vivo measurement of gastric motility and tone, strain gauges were calibrated prior to the experiment. The degree of drug-induced gastric response can be affected by animal size, minor variation in surgical placement of strain gauges etc.; each rat served as its own control, therefore, and data were measured as changes relative to baseline. Data were evaluated within each group by ANOVA or Students t test while data comparing proportion of responding cells across groups were evaluated using a χ
-test and
GraphPad Prism (GraphPad Software, La Jolla, CA, USA) was used to conduct all statistical tests. Results are expressed as mean±SEM and significance was defined at P<.05.
| Solution compositions
Kreb's solution (in mM): 120 NaCl, 26 NaHCO 3 , 3. ). Note that while responses of PNHFD and control DMV neurons were similar at lower concentrations of BIC, PNHFD neurons responded to the higher concentration of BIC with a larger inward current. (E) Representative recordings from gastric-projecting DMV neurons voltage clamped at −50 mV from control (upper) and PNHFD (lower) rats. Note that superfusion with GBZ induced an inward current of similar magnitude in both control and PNHFD neurons, but further addition of BIC induced a larger inward current in PNHFD neurons. (F) Graphical representation of the inward currents induced in control (white bars) and PNHFD (gray bars) DMV neurons in response to GBZ and the subsequent addition of BIC. Note that the GBZ-induced response was similar in control and PNHFD DMV neurons, but BIC induced a larger inward current. *P<.05 vs control Figures 1C and 1D ).
| Drugs and chemicals
To suggesting that the larger response to BIC in PNHFD rats is due to both action potential-dependent and independent transmitter release.
These results indicate that there is a larger inhibitory GABA A input onto DMV neurons in PNHFD compared to control rats.
| PNHFD and control DMV neurons did not differ in their response to gabazine
To investigate whether the differences in response to BIC are due to activation of phasic vs tonic GABA A receptors, the response of DMV neurons to superfusion with the tonic GABA A receptor antagonist, GBZ, was assessed prior to the addition of BIC in control (N=13 neurons from seven rats) and PNHFD (N=13 neurons from seven rats) DMV neurons. All neurons responded to GBZ with an inward current or increase in action potential firing rate.
The magnitude of the response of DMV neurons to a maxi- Similarly, the antrum did not express any differences in the response to GBZ, as seen in Figures 3C and 3D . These results suggest that PNHFD does not alter the phasic GABA A currents in vagal neurocircuits controlling gastric motility or tone.
| PNHFD and control rats did not differ in their response to extrasynaptic GABA A receptor agonists
To investigate whether the increased response to the non-selective Figures 4E and 4F). These results suggest that astrocytes do not contribute to the greater tonic NTS-DMV GABA A current in PNHFD rats.
| The properties of mIPSCs did not differ between PNHFD and control rats
To investigate whether PNHFD increased the release of GABA onto gastric-projecting DMV neurons, the properties of mIPSCs were assessed in control (n=6) and PNHFD (n=6) DMV neurons,
The responses of gastricprojecting DMV neurons to the tonic GABA A agonist (THIP), the GABA transport blocker (nipecotic acid), and the gliotoxin (fluoroacetate), were similar in control and PNHFD rats. Representative traces (left) and graphical summary (right) from control (upper traces; white bars) and PNHFD (lower traces; gray bars) gastricprojecting DMV neurons voltage clamped at −50 mV in response to superfusion with THIP (A and B), nipecotic acid (C and D), or fluoroacetate (E and F). Note that the responses of control and PNHFD DMV neurons to each drug were similar voltage clamped at −50 mV. Differences were not observed in any of the mIPSC properties assessed; specifically, mIPSC frequency that an increase in presynaptic GABA release does not contribute to the greater tonic NTS-DMV GABA A current in PNHFD rats.
| DISCUSSION
Results from this study suggest that exposure to a PNHFD increases the tonic inhibition of gastric-projecting DMV neurons because: (i)
PNHFD rats exhibited a larger increase in gastric tone and motility in response to brainstem microinjections of high doses of BIC; and (ii) gastric-projecting DMV neurons responded to a maximal concentration of BIC with a larger inward current and greater increase in action potential firing rate. In contrast, PNHFD rats showed (iii) no difference in either gastric tone and motility, or inward current of gastricprojecting DMV neurons, in response to microinjection or perfusion, respectively, of GBZ. Additionally, DMV neurons from PNHFD rats showed no difference in response to application of (iv) the tonic δ-subunit containing GABA A receptor agonist, THIP, (v) the GABA transport blocker, nipecotic acid, or (v) the gliotoxin, fluoroacetate, indicating that alterations in density or function of either extrasynaptic, δ-subunit containing, GABA A receptors or astrocytes are unlikely to be responsible for the increased response to BIC.
It is well recognized that GABA is the principal inhibitory neurotransmitter used by mature gastric-projecting DMV neurons. DMV neurons display both phasic and tonic inhibitory responses to GABA, 29 which are associated with the activation of GABA A receptors with distinct locations on the postsynaptic membrane; synaptic GABA A receptors are associated with fast, phasic inhibition of DMV neurons, 33, 34 and are important for timing-based signaling and setting the temporal window for synaptic integration and synchronization. 34 In contrast, peri-and extra-synaptic GABA A receptors are associated with long lasting, slow, tonic inhibition of DMV neurons, 33,34 mediated by ambient GABA spillover from the synaptic cleft; tonic inhibition narrows the temporal window during which synaptic integration can occur, reducing the likelihood of excitatory postsynaptic currents generating a postsynaptic action potential. 34, 35 Indeed, tonic GABA A receptors, which have a high affinity for GABA and a slow rate of desensitization, contribute significantly to the overall tone of neuronal excitability. 29, 36 Expression and distribution of phasic (synaptic) vs tonic (extrasynaptic) [17] [18] [19] [20] Indeed, while superfusion with GBZ induced a relatively small inward current and modest increase in action potential firing rate in gastric-projecting DMV neurons, such a moderate response was still sufficient to increase gastric tone and motility.
This disinhibition was increased further by subsequent application of BIC, suggestive that both synaptic and extrasynaptic GABA A receptor activation play important roles in regulating DMV neuronal activity.
This study also suggests that the larger response of PNHFD rats to higher concentrations (or doses) of BIC were due to the increased involvement of extrasynaptic GABA A receptors. While neither the in vitro nor the in vivo responses to GBZ were altered in PNHFD rats, higher doses of BIC induced a larger inward current, greater increase in action potential firing rate, and larger increase in gastric tone and motility in PNHFD rats. Furthermore, while the magnitude of the in vitro response to BIC was reduced by TTX in both groups of DMV neurons, it was still larger in PNHFD rats, suggesting involvement of both action potential-dependent and independent synaptic transmission to the tonic inhibitory current.
In this regard, we have demonstrated previously that the excitability and responsiveness of vagal efferent motoneurons is altered both by exposure to a high fat diet 27 and diet-induced obesity. 26 While many of these alterations, including decreased neuronal excitability and input resistance and increased soma size, are intrinsic to the DMV neuronal membrane themselves, we also observed changes in the ability of neuroendocrine hormones such as CCK 27 to modulate synaptic transmission, suggesting diet-induced changes at the presynaptic level.
Of interest, the tonic activation of presynaptic group II metabotropic receptors on inhibitory inputs within vagal neurocircuits is attenuated following PNHFD, allowing modulation of previously silent GABAergic synapses. 27 This altered response may be directly related to a high fat diet-induced alteration in vagal afferent responsiveness [21] [22] [23] 42 which normally tonically decrease the state of activation of inhibitory terminals within the brainstem. 43, 44 Thus, it appears that exposure to a PNHFD has profound effects, both direct and indirect, at all levels of vagal neurocircuits.
The mechanism behind this increase in tonic inhibitory synaptic input in PNHFD rats remains unclear, however. Astrocytes are known to shape synaptic strength and responsiveness 45 and astroglial cells regulate and modulate the response of CNS nuclei, including the hypothalamus, to metabolic signals, 46 and diet-induced obesity. [47] [48] [49] The astroglial toxin, fluoroacetate, induced an outward current in both control and PNHFD DMV neurons, suggesting that, as elsewhere in the central and peripheral nervous systems, astrocytes play a significant role in regulating neurotransmitter uptake and modulating synaptic strength. The outward current induced in gastric-projecting DMV neurons in response to fluoroacetate was similar in PNHFD and control rats, however, implying that alterations in astrocyte morphology or function are unlikely to be responsible for the observed larger inhibitory synaptic currents. Similarly, the outward current in response to application of the GAT blocker, nipecotic acid, was similar in both groups rats, suggesting that the larger inhibitory current was not due to a decrease in efficacy of transmitter clearance from the synapse.
Finally, the response of DMV neurons from control and PNHFD rats to exogenous application of the tonic GABA A receptor agonist, THIP, was similar, suggesting that the larger response of PNHFD DMV neurons to BIC is not due to an increase in number or function of δ-subunit containing extrasynaptic receptors, although the present results do not exclude the potential involvement of non-δ-subunit containing (hence THIP-insensitive) extrasynaptic GABA A receptors. Thus, while this study suggests that DMV neurons, and vagally-dependent gastric functions, from PNHFD rats are under a greater degree of tonic synaptic inhibition, the nature of this increased inhibition remains to be determined. The diet used in this study, in which 60% kcal are derived from fat, is used commonly in many perinatal dietary studies 50, 51 including our own. 27 Clearly, however, that the fat content of this diet is excessive, and future studies assessing whether similar results are obtained following perinatal exposure to the more "western diet" (35%-40% kcal from fat) would be important from a translational point of view.
Glycine also functions as an inhibitory neurotransmitter in brainstem neurocircuits, predominately during early development. 38, 52, 53 Mixed GABA/glycine inhibitory terminals are present during mid- ). 38 Studies from both our laboratory, and others, have routinely used BIC at concentrations of 30-50 μmol L -1 because glycinergic currents are not present in adult rat NTS-DMV synapses. 17, 19, 29, 38 Future experiments will be required to determine if the greater response to higher concentrations of BIC is due entirely to antagonism of GABA A receptors, or if exposure to a high fat diet during this critical perinatal period has disrupted the inhibitory vagal brainstem development such that adult DMV neurons receive mixed GABA/ glycine synaptic inputs.
The results from this study suggest that exposure to a HFD during the perinatal period disrupts the development of brainstem homeostatic circuits regulating vagally-dependent gastric functions.
Specifically, in adulthood, gastric-projecting DMV neurons are under a greater degree of synaptic inhibition, which decreases their excitability, and reduces vagal efferent outflow to the upper GI tract. Meal size, and nutrient digestion and absorption, are known to be influenced heavily by gastric motility, compliance and emptying [6] [7] [8] ; given the influential role that vagal inputs exert upon regulation, modulation, and control of the upper GI tract, results from this study may explain, at least in part, the increased propensity to develop obesity and related comorbidities in later life following HFD exposure during the critical perinatal developmental period.
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